The standardized FAO-56 Penman-Monteith (PM) equation requires a great number of input parameters that are difficult to record. The Hargreaves method is another approach. It has high accuracy, while it requires fewer input parameters. In the present study, the Hargreaves-Samani method was calibrated by the PM equation under different climate conditions, in the western Iran. Different correction coefficients were used for each station under study instead of the constant coefficient 0.0023 in the Hargreaves equation based on monthly and annual scales. The corrected coefficients obtained for different regions can be used to estimate ETo for the PM method under the same climates where reliable data are available. The results also showed that as a larger study area with more weather stations is used and a larger amount of data is obtained, the coefficient of 0.0023 in the Hargreaves equation does not need further corrections for local calibration purposes.
Introduction
The estimation of evapotranspiration is the first and the most important step towards designing, planning and managing different irrigation networks, water distribution systems, water application, calculation of lake surface evaporation losses, implementation of hydrological and agro-hydrological models, environmental studies, water balance, and water management practices (Landras et al, 2008) . In semiarid climates where water resources are limited and seriously overexploited, precise estimation of crop water requirements is needed for effective management and planning of available water resources (Jabloun and Sahli, 2008) .
The different methods applied to estimate evapotranspiration are categorized into two main groups, namely direct and indirect, or computational methods (Alizadeh and Kamali, 2007) . The simplest tool to determine evapotranspiration on a small-scale is the lysimetric method. A lysimeter is a tank of a given size that is embedded in soil and water, and its input and output values are measurable (Alizadeh and Kamali, 2007) . By using different climate factors in an indirect method, the potential evapotranspiration is calculated, and then by considering different crop coefficients at different crop growth stages, the desired plant evapotranspiration can be calculated (Allen et al, 1998; Savana and Frenken, 2002; Alizadeh and Kamali, 2007) .
Reference crop evapotranspiration is generally a reflection of climate effects. A surface evapotranspiration with no water shortages is called a "reference plant evapotranspiration". The reference level is a hypothetical grass reference crop with a height of 0.12 m and a surface resistance of 70 m/sec with reflection coefficient of 0.23. No lack of water in soil should exist under such circumstances. A similar reference definition for alfalfa with a height of 20 cm has also been defined (Allen et al, 1998; Alizadeh, 2006; Alizadeh and Kamali, 2007; Trajkovic and Kolakovic, 2009 ).
The Penman-Monteith method proposed by Allen et al. (1998) as a standardized method needs different climatological data such as relative humidity, air temperature, solar radiation, and wind speed. However, at many weather stations around the world, especially in developing countries such as Iran, not all the required parameters can be measured; hence, an alternative method should be used to estimate reference evapotranspiration with higher accuracy and requiring fewer input parameters. Allen et al. (1998) suggested that should insufficient data be available to resolve the Penman-Monteith equation, the Hargreavess-Samani equation (Hargreaves et al., 1985) can be used instead.
A number of studies have been performed to compare the Penman-Monteith and the Hargreavess-Samani approaches. The Hargreaves equation was used to estimate monthly ETo in the Bajgah region in Fars province, Iran, by Fooladmand and Spaskhah (2005) . They reported that during different months of the year, different coefficients should be used instead of the 0.0023 value in the Hargreaves equation. The results obtained with the Hargreaves model were reported to be satisfactory in computing weekly or monthly reference evapotranspiration (Hargreaves and Allen 2003) . Martinez-Cob and Tejero-Juste (2004) and Gavilan et al., (2006) suggested that the Hargreavess-Samani method needs specific local calibration to achieve an acceptable performance.
Rahimi Khoob (2008) compared the Penman-Monteith and Hargreaves methods for reference evapotranspiration calculation. For this purpose, data from 12 weather stations located across the Khuzestan plain (southwest Iran) were selected to calculate reference evapotranspiration. He reported that the Hargreavess-Samani method gave significantly higher or lower results than those of the Penman-Monteith method. Kisi (2008) compared the Hargreaves-Samani and Penman-Monteith methods in Los Angeles, USA. He concluded that the calibrated Hargreaves-Samani method is the best approach to estimate evapotranspiration. Landras et al., (2008) compared various equations for reference evapotranspiration using the Penman-Monteith method for a study area in the northern part of Spain. They reported that the Hargreaves-Samani method had the weakest performance, with a 32.2% overestimation. Sentelhas et al., (2010) examined different reference evapotranspiration methods in Ontario, Canada. They showed that by considering the amount of available weather data, the Hargreaves-Samani method can be a good alternative to the Penman-Monteith method. Saghravani, et al., (2009) suggested that if the Hargreaves method was used to study a region in the absence of sunshine hours, humidity and wind-speed data, corrections were needed to obtain results that were as reliable and accurate as those obtained with the Penman-Monteith method. Sabziparvar and Tabari (2010) evaluated the performance of the Makkink, Priestley-Taylor, and Hargreaves models compared to that of the Penman-Monteith FAO-56 method for arid and semiarid regions in northeastern Iran. They reported that the Hargreaves model had the best performance in estimating monthly ETo values. Moreover, in different parts of Iran, the total number of weather stations is too small for the extent of the country, and the analogue instruments used at most of the existing stations do not record all of the necessary meteorological parameters because of lack of proper facilities and poor management. Therefore, it is not possible to estimate reference evapotranspiration based on the Penman-Monteith method because of insufficient data. At most stations, only maximum and minimum air temperatures are recorded, and according to Allen et al. (1998) Correct reference evapotranspiration and crop water requirement computations are very important for dam operation and design of irrigation and drainage schemes. Also, the western parts of Iran play a key role in producing agricultural commodities, and a large number of dam construction schemes and irrigation and drainage projects are under study or in progress in these areas. The main objective of the present study was to determine the correction coefficients for each station based on a monthly scale instead of the 0.0023 coefficient of the Hargreaves equation for semi-arid regions in west Iran, for which only maximum and minimum air temperature were recorded and for which comprehensive measurements of meteorological data were unavailable.
Materials and Methods
The study area is located in west Iran at 32° 06' to 36°33' N and 45° 24' to 50° 02' E. The region extends over five provinces, Kermanshah, Lorestan, Ilam, Kurdistan, and Hamadan, covering an area of approximately 106,508 square kilometers. The average annual rainfall is about 480 mm, and based on the Thornthwaite classification, the regional climates are dry sub-humid, moist sub-humid, semi-arid, and humid. Figure (1) and Table ( 1) show the spatial distributions, meteorological data and climate information of 24 selected stations. As shown in Table ( 1), this area is dominated by dry sub-humid climate.
The data included maximum temperature (Tmax), minimum temperature (Tmin), dew point temperature (Tdew), maximum relative humidity (RHmax), minimum relative humidity (RHmin), average relative humidity (RHmean), wind speed (U), and sunshine hours (n).
To calculate wind speed at two-meter height, the equation proposed by Allen et al. (1998) was: where U 2 is the average 24-hour wind speed at a height of 2 m and U 10 is average 24-hour wind speed at a height of 10 m.
The solar radiation was calculated by using the following formula:
where R s is the net solar radiation (MJ m -2 day -1 ), N is the maximum possible sunshine hours (h), n is the number of actual sunshine hours (h), and R a is the extraterrestrial radiation (MJ m -2 day -1 ). et al., (1998) proposed the FAO-Penman-Monteith method as a standard method to estimate, evaluate and calibrate the ET reference value. This method has been used by many researchers (Gavilan et al, 2006; Rahimikhoob, 2008; Haghighat, 2007 Noori mohammadieh et al, 2009; Sabziparvar and Tabari, 2010) , and the equation can be rewritten following Allen et al (1998) :
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where ET o is the reference evapotranspiration (mm day -1 ), R n , G, and T are net radiation values at the crop surface (MJ m -2 day -1 ), soil heat flux density (MJ m -2 day -1 ), and mean daily air temperature at 2 m height (
• C), respectively. Also, u 2 , e s e a ,(e s -e a ), ∆, and γ are wind speed at 2 m height (m s -1 ), saturation vapor pressure (kPa), actual vapor pressure (kPa), saturation vapor pressure deficit (kPa), slope of the saturation vapor pressure curve (kPa/ The Hargreaves equation (Hargreaves and Samani, 1985) can be written as follows:
where Tmean, Tmax and Tmin are mean, maximum and minimum temperatures ( o C), respectively, and Ra is extraterrestrial radiation (MJ m -2 day -1 ) converted to equivalent evaporation in mm day -1 with a factor of 0.408.
The climate of each region was determined by using the Thorontwhiet model as below (Shahid et al., 2005) : where P is monthly precipitation (inch), T is average monthly temperature (Fahrenheit), and n is the number of months (n =12).
Calibration
In order to calibrate the Hargreavess-Samani equation using monthly data, the Penman-Monteith method was used as follows:
where λ is the slope of the correlation of evapotranspiration by the Hargreavess-Samani and Penman Monteith methods. Finally, the Hargreaves equation for each region and each month of the year was corrected:
where C is the monthly corrected value for each station.
Model comparison
ETo estimates by the PM and HG models were compared using simple error analysis and the linear regression method. Both methods were compared before and after adjustments were applied. For each location, the following parameters were also calculated (Willmott, 1982) : root mean square error (RMSE), mean bias error (MBE), and the ratio of average estimations of ETo (R).
where X Harg , X pm, and n are the evaporation values estimated by the Hargreaves and Penman-Monteith methods and data number, respectively.
Results and discussion
Monthly ETo values for all the stations were estimated by the FAO-Penman-Monteith (PM) and Hargreavess-Samani (HG) methods, and the results were compared. The monthly and annual slope values (λ) for the different stations based on the regression between ET0-Harg and ET0-PM are shown in Table ( 2). Table ( 3) shows the monthly and annual values of RMSE (Root mean square error). A comparison shows that the lowest monthly RMSE index belonged to the Aleshtar Station, with dry sub-humid climate and with a value of 0.095 in December. The highest RMSE, with a value of 3.132, was recorded at the Baneh Station under a moist sub-humid climate in August. Annually, the highest and lowest RMSE values of 1.946 and 0.334 were at the Baneh and Azna stations, with moist sub-humid and dry sub-humid climates, respectively. The results showed that the RMSE values in warm months were higher than those in cold months of the year, causing differences between evapotranspiration values calculated by the Hargreaves and Penman-Monteith methods. In the warmest months of the year, including May, June, July and August, the differences between ET0-Harg and ET0-PM values were the highest, while in the coldest months of the year, including October, November, December, Janury, Februry, March and April , the differences between ET0-Harg and ET0-PM values were the lowest. (4) shows, for annual results, the minimum and maximum values of MBE were obtained at Banah Station, with a value of -1.634, and Kouhdasht Station, with a value of +0.678, for moist sub-humid and dry sub-humid climates, respectively.
As presented in Table ( 5), the monthly and yearly values of the C coefficients were estimated. For the monthly results, the lowest value of C was 0.0018 for Eslamabad Gharb Station in December, while it was for Kuhdasht Station in August. Both stations were located in dry sub-humid climates. Also, as shown in Table ( 5), the highest C value, 0.0042, was obtained for Banah Station under a moist sub-humid climate in October.
The annual results showed that the lowest and highest C values were obtained for Kohdasht and Baneh Stationed, 0.0019 and 0.0035, respectively. Table ( 5) shows that the annual C coefficients for each station differ. The lowest C value was obtained at Dorud Station with a value of 0.00011 in a moist sub-humid climate, while the greatest difference was obtained at Dehloran, west Islamabad, Ilam, Kangavar, Kermanshah, Khoramabad, Kohdasht, Marivan, and Sanandaj Stations, with a value of 0.0003. The climate at the Marivan Station is humid, that of Dehloran is semi-arid, and that of the rest is dry sub-humid.
As Table ( He also reported that the regression equations developed for three agroecological zones of Nigeria can be used to estimate PM ETo values for similar climatic zones where data requirements cannot be met but data for the HG or pan method are available.
Jabloun and Sahli (2008) evaluated the Hargreaves equation. They reported that the results obtained from the comparison of ETo daily estimates by the Hargreaves equation with FAO-56 PM, estimates taken as reference throughout different Tunisian locations showed a systematic overestimation at inland sites but that at coastal sites, the Hargreaves equation tended to underestimate ETo values. They suggested that further research would be required to adjust the Hargreaves coefficients to local conditions for obtaining better accuracy.
Conclusions
The main objective of this study was to evaluate the Hargreaves temperature-based method to estimate daily ETo values for western semi-arid parts of Iran. Monthly data were used for monthly ETo calculations at all 24 meteorological stations by the Hargreaves and Penman-Monteith methods. For this purpose, the calibration process was based on monthly and yearly data. The calibration results of two ETo estimated methods showed either high or low results at different stations. Finally, for all the selected stations, the monthly and yearly Hargreaves C coefficients were calculated.
For monthly results, the lowest and highest C values were 0.0018 and 0.0042. For annual results, the lowest and highest C values were 0.0019 and 0.0035. Finally, at all 24 meteorological stations, C coefficients were determined. By using corrected C coefficients and temperature measurements, one can suggest that the values of ETo by the Hargreaves method can be simply obtained.
The overall results also showed that when the study area is larger, more weather stations are used, and reliable data are available, the coefficient of 0.0023 used in the Hargreaves method does not need any corrections for local calibrations and can be applied with confidence.
Moreover, the results indicated that both monthly and yearly means by the Hargreaves method were significantly correlated with those of the Penman-Monteith method at all available recording stations in western Iran; hence, it is possible to predict monthly and yearly ETo values precisely in other areas where the required data for the Penman-Monteith estimations are unavailable and only maximum and minimum air temperatures have been recorded. Table 4 . The values of MBE between ET0-Harg and ET0-PM 
